Detection of enzymatic activities has been proposed as a rapid surrogate for the culture-based microbiological pollution monitoring of water resources. This paper presents the results of tests on four fully automated prototype instruments for the on-site monitoring of beta-D-glucuronidase (GLUC) activity. The tests were performed on sediment-laden stream water in the Hydrological Open Air Laboratory (HOAL) during the period of March 2014 to March 2015. The dominant source of faecal pollution in the stream was swine manure applied to the fields within the catchment. The experiments indicated that instrument pairs with the same construction design yielded highly consistent results (R 2 ¼ 0.96 and R 2 ¼ 0.94), whereas the results between different designs were less consistent (R 2 ¼ 0.71). Correlations between the GLUC activity measured on-site and culture-based Escherichia coli analyses over the entire study period yielded R 2 ¼ 0.52 and R 2 ¼ 0.47 for the two designs, respectively. The correlations tended to be higher at the event scale. The GLUC activity was less correlated with suspended sediment concentrations than with E. coli, which is interpreted in terms of indicator applicability and the time since manure application. The study shows that this rapid assay can yield consistent results over a long period of on-site operation in technically challenging habitats. Although the use of GLUC activity as a proxy for culture-based assays could not be proven for the observed habitat, the study results suggest that this biochemical indicator has high potential for implementation in early warning systems.
Introduction
Agricultural activities may cause faecal pollution in surface water and groundwater (Blann et al., 2009; Bradford et al., 2013; Buck et al., 2004; Farnleitner et al., 2010 Farnleitner et al., , 2011 . Streams receiving agricultural runoff often contain pathogenic bacteria from manure (Hutchison et al., 2004; Jones, 1999; Mawdsley et al., 1995; Tyrrel and Quinton, 2003) . Thus, the real-time detection of faecal pollution in surface waters has high potential for use-orientated protection of water resources.
Cultivation-based standard analyses of faecal pollution typically require one to several days and are therefore not suitable for rapid water quality assessment (Cabral, 2010) . Methods involving enzymatic activity have been tested in various aquatic habitats and have been suggested as surrogates for culture-based microbiological pollution monitoring (Farnleitner et al., 2001 (Farnleitner et al., , 2002 Fiksdal and Tryland, 2008; Garcia-Armisen et al., 2005) . There are various chromogenic and fluorogenic substrates for the specific detection of enzymatic activities, such as beta-D-glucuronidases (GLUC), galactosidases and esterases (Fiksdal et al., 1994; Morikawa et al., 2006; Noble and Weisberg, 2005; Rompr e et al., 2002; Wildeboer et al., 2010) . Although these common enzymatic activity measurements for faecal indicators require laboratory facilities and elaborate sampling methods Rompr e et al., 2002) , research within the last two decades has focused on developing rapid enzymatic assays (Fiksdal et al., 1994; George et al., 2000) . However, these assays still require manual sampling and laboratory analytics.
Recent technological developments have brought automated on-site measurements of enzymatic activity within the reach of real time monitoring (Koschelnik et al., 2015; Ryzinska-Paier et al., 2014; Zibuschka et al., 2010) . These studies have mainly been conducted for groundwater. The measurements are more challenging for surface waters because of the larger temperature variations and potentially high sediment concentrations. In this study, a field test of instruments for automated on-site enzymatic activity detection for stream water with high suspended sediment loads resulting from runoff events was conducted to understand the strengths and limitations of the instruments and optimize the measurement setup.
Materials and methods

Site description
The methodological basis of the field test conducted in this study is a comparison of automated rapid on-site GLUC measurements with culture-based microbiological measurements as well as with hydrological data in the HOAL -Hydrological Open Air Laboratory (Bl€ oschl et al., , 2015 . The HOAL in Petzenkirchen (Lower Austria) is operated and maintained by the Institute for Land and Water Management Research (Federal Agency for Water Management, Austria) and the Vienna Doctoral Programme of Water Resource Systems (Centre for Water Resource Systems, TU Wien, Austria).
The HOAL catchment is 0.66 km 2 in size and drained by a stream 620 m in length. Twelve point discharges contribute to the stream, including tile drains, springs and surface tributaries (Exner-Kittridge et al., 2013a, b) . The mean annual precipitation during the 1990e2014 period was 823 mm/yr. The land use of the catchment is dominated by agriculture, consisting of 87% arable land, 5% grassland, 6% forested area and 2% paved land. The hydrogeology is characterized by porous and fissured aquifers consisting of clay, marl and sand. The soils exhibit medium to limited infiltration capacities. The annual sediment erosion is approximately 10 t/km 2 (Eder et al., 2010) . The main source of faecal contamination of groundwater and surface water is swine manure applied to the fields. In 2014, manure was applied in March, April, August and October, with a typical rate of 20 m 3 / 0.1 km 2 .
The stream has high discharge dynamics (Table 1) with a rapid response to rain events, causing significant peaks in the concentration of suspended sediments in the stream water. Typically, sediments re-suspended from the riverbed control the sediment concentrations early in the event, whereas sediments from the hillslopes dominate later in the event (Eder et al., 2014) . A considerable proportion of sediments stem from tile drainages. Relatively brief, intense events can cause a significant increase in sediment concentrations. Thus, the site is ideal for testing measurement methods under demanding conditions with strong variations in the weather conditions, hydrology, land use management and microbiological impact.
The instrumentation of the HOAL included on-line measurements of water level for discharge determination, electrical conductivity (EC), turbidity and water temperature (Table 1) at the stream monitoring station MW (Fig. 1) , which is located at the catchment outlet (see Bl€ oschl et al., 2015 for details). The turbidity measurements were calibrated with grab samples and referenced to the total suspended solid concentrations (TSS mg/l).
Winter and spring 2014 were characterized by fairly low discharges, resulting in an annual average of 2.4 l/s for 2014. Rain events in late spring, summer and autumn caused several high discharge peaks, with a maximum (hourly average) of 73.4 l/s in May 2014 at station MW (Table 1 ). The minimum discharge in 2014 of 0.5 l/s was recorded in August. The stream water temperature was continuously monitored because of the importance of temperature regarding enzymatic activity in aquatic habitats (Chr ost, 1989) . Stream water temperature generally tracked the annual trend in air temperature. Water temperature reached a minimum of 0.2 C in January 2014 and a maximum of 20 C in July 2014 (Table 1) . The average water temperature in 2014 was 10.3 C. Diurnal fluctuations of water temperature (up to ± 7 C in April 2014) exhibited maximum values in the afternoon and minimum values in the early morning. The turbidity in the monitored stream is highly event-linked, as rain events promptly cause an increase in the suspended solids in the stream water. Maximum suspended sediment concentrations of over 3 g/l TSS (Table 1) were recorded in July 2014 and January 2015.
Automated on-site GLUC measurements
At location MW (Fig. 1) , two ColiMinder devices (Vienna Water Monitoring -VWM GmbH, Zwerndorf, Austria) for rapid on-site GLUC monitoring have been operating in parallel since March 2014. At the same location, two BACTcontrol devices for rapid onsite GLUC monitoring (MicroLan, Waalwjik, Netherlands) have also been operating in parallel since 2012 (only measurements after the installation of an improved sampling set-up in July 2014 were used in this study). Both devices detect beta-D-glucuronidase enzymatic activity and record and transmit the data on a continuous basis. The measurement is based on the optical detection of highly fluorescent 4-Methylumbelliferon (MU), that is produced due to the enzymatic hydrolyses of substrate 4-Methylumbelliferylb-D-glucuronid (MUG) at defined conditions (for details see SigmaAldrich assay EC 3.2.1.31). Incubation temperature of all tested prototypes was set to 44.0 ± 0.1 C according to George et al. (2000) . More information about incubation time, pH adjustment and calibration can be found in Ryzinska-Paier et al. (2014) and Koschelnik et al. (2015) .
The ColiMinder is based on a flow-through photometric measurement chamber (patent: PCT/AT2011/000497), which enables a high-resolution fluorescence analysis. The shapes of the measuring chamber and fluidic system are optimized for automated water sampling, reagent dispensing and effectiveness in the cleaning process. A data correction algorithm (patent: PCT/ AT2014/050036) was used to obtain accurate fluorescence readings independent of turbidity. The GLUC activity measurements were performed in batches using 6.5 ml of sample per measurement. The measurement step takes approximately 15 min, and the full measurement cycle, including cleaning and sample conditioning, lasts 30e40 min. ColiMinder is calibrated to Modified Fishman Units (MFU/100 ml) based on the enzyme unit definition for beta-glucuronidase activity (Bergmeyer, 2012; Fishman and Bergmeyer, 1974) . The measurement interval has been chosen as 60 min.
The BACTcontrol devices (formerly Coliguard) have a different design. The construction design and sampling and measurement procedure of the BACTcontrol devices have been described in detail by Zibuschka et al. (2010) and Ryzinska-Paier et al. (2014) , respectively. The devices provide units of pmol/min/100 ml. The measurement interval was 3 h. The ColiMinder and BACTcontrol devices are connected to 230 V of AC power and accommodated in temperature-controlled, weatherproof casings, where reagents and cleaning solutions were also stored ( Fig. 1 ). The sample intakes of both constructions are located 20 cm below the water level on opposite stream sides. During the measurement process, the sample mixed with specific assay reagents (proprietary information) generates an increasing fluorescence signal reflecting the level of enzymatic activity, which is monitored over time. Internal control parameters, such as the fluorescence signal, the linearity of the fluorescence slope, the temperature of the measurement chamber, the device's environmental temperature, the measurement duration and blank value measurements, are available for each data point and were used for quality control of the measurement results. All devices are connected to an on-site wireless data transfer GPRS-modem via an Ethernet interface, enabling on-line access to the measurement data. The fundamental differences between the two constructions ( Fig. 1 ) include the following: the fluorescence measurement chamber (ColiMinder: Measurement chamber not accessible; BACTcontrol: Measurement chamber accessible), the pore size of the filter mounted at the sample intake (ColiMinder: 1 mm; BACTcontrol: 0.1 mm), the pump used to deliver water samples to a sample container shared by the devices of each construction (ColiMinder: Peristaltic pump; BACTcontrol: Rotary diaphragm pump), the arrangement of the reagent and cleaning solutions (ColiMinder: Shared reagent and cleaning solution containers for both devices; BACTcontrol: Separate reagent and cleaning solution containers per devices); and, most importantly, different reagent and cleaning solutions and different photometric measurements.
Inter-comparison of on-site GLUC measurements
To test the consistency of the on-site GLUC measurements, data from two prototypes of the same design were compared. In addition, data from the instruments with different designs were compared. For the latter comparison, the measurement data were aligned to the following full hour for consistency, as ColiMinder devices did not yet allow for arbitrary time stamps.
Although the units of measurements are different, all designs provide the same target-parameter, namely, the determination of beta-D-glucuronidase activity in water. The unit of BACTcontrol (pmol/min/100 ml) measures enzymatic activity (pmol of fluorophore per minute and per 100 ml); the unit of ColiMinder (mMFU/100 ml) is similar, but it references the enzymatic activity to known conditions (i.e., those published by Fishman). For any direct comparison of the measurements, it would be ideal to determine the hydrolysis rate of each device using a series of standard solutions with known enzymatic activity, pH and reaction temperature; however, this information is proprietary to the companies and could thus not be used in this paper. Therefore, direct comparisons of the measurement results with different units are presented.
Quality screening of on-site GLUC measurements
In addition to internal control parameters, comparisons of measurements from devices with the same design were used to assess their validity. The normalized absolute percentage difference of the readings, DS, was calculated as follows:
where S 01 and S 02 are the readings of the two devices.
For quality screening, the DS (%) values were compared to the GLUC measurements for each construction. To determine the potential effects of environmental parameters on the consistency of measurements, DS (%) values were compared with turbidity, water temperature, air temperature, suspended sediment concentrations and discharge.
Reference sampling survey of culture-based Escherichia coli
To test the capability of on-site GLUC measurements as a quantitative proxy for fecal derived E. coli, GLUC measurements were compared with the following microbiological standard assays: ISO 9308-2 (Most-Probable-Number (MPN) method, Colilert 18, IDEXX Laboratories Inc., USA; incubation at 36 ± 2 C for 20 ± 2 h) (ISO, 2012) and ISO 16649 (membrane filtration method, chromogenic TBX agar, Oxoid, Thermo Fisher Scientific Inc., United Kingdom; incubation at 44 ± 0.5 C for 44 ± 4 h) (ISO, 2001) . Fifty-four grab samples were taken manually during the test period for reference and analysed with the method ISO 9308-2. This total number comprises samples from a continuous reference sampling campaign conducted on an approximately monthly basis (n ¼ 10), samples from three runoff events (n ¼ 31) and intermittent grab samples during base flow conditions (n ¼ 13). Microbiological analysis (ISO 9308-2and ISO 16649-1) data from monthly grab samples are available for a period of three years (2012e2015), characterizing the range of faecal indicator bacteria (FIB) during base flow conditions in the monitored stream. MPN values were used in this study as a proxy for standard culturebased assays due to the strong correlation between E. coli concentrations determined with the ISO 9308-2 (MPN/100 ml) and ISO 16649-1 (CFU/100 ml) methods (R 2 ¼ 0.94, n ¼ 25, pvalue<0.001, monthly grab samples 2012e2015) and the higher number of reference samples analysed during the test period with ISO 9308-2.
Event monitoring of culture-based E. coli
To investigate the utility of the instruments for capturing abrupt changes of GLUC activity during rainfall events, several runoff events were sampled in more detail. Automated sampling devices (ISCO sampler 6712) triggered by water level-thresholds were used for event sampling. ISCO samplers were linked to a pressure transducer (GE Sensing, PTX 1830 or Ott PSI) that measures the water level. Two auto-samplers capable of sampling up to 30 h with a total of 48 bottles were installed at station MW. The first device sampled at 15-min intervals when the programmed water-level threshold was exceeded. After the first 24 bottles were filled, autosampling automatically switched to a second device, which sampled every hour. The auto samplers were equipped with sterile bottles for microbiological event monitoring. One bottle in each auto sampler was employed as a blank for quality control purposes to detect any inadvertent contamination of coliform bacteria that may result from the procedure. The "blank bottle" followed an identical procedure as the sample bottles and remained in the auto sampler from installation to removal without being filled. Instead, it was rinsed after the sampling campaign with 100 ml of sterile water that was subsequently analysed with method ISO 9308-2 for E. coli and coliform bacteria. The MPN analyses of "blank bottles" indicated an absence of contaminant E. coli and coliform bacteria, confirming the validity of the procedure. Event-samples were retrieved within 5 h, refrigerated, and analysed within 8 h after sampling.
Precipitation and air temperature data from a weather station located in the centre of the catchment were also used in the analyses.
Results
Consistency of measurements
GLUC measurements of the devices with the same construction design were highly consistent throughout the measurement period ( Fig. 2A, Fig. 2B ). Linear correlation coefficients (R 2 ) of 0.94 and 0.96
were found between the two ColiMinder devices ( Fig. 2A) and the two BACTcontrol devices, respectively (Fig. 2B ) (all pvalues<0.001). The regression slopes are 0.88 and 0.89, respectively, and the offsets are small. The correlations between devices with different designs (Fig. 2C, D (Fig. 1) , and the sampling times may differ by up to 1 h, which likely contributes to the lower correlations. Nevertheless, the measurement results of the two designs exhibit a highly symmetrical range of signals and an average one-to-one ratio between mMFU/100 ml (ColiMinder) and pmol/min/100 ml (BACTcontrol) (Fig. 2) . The same construction designs exhibited an offset relative to each other that is slightly less than half the mean base-GLUC activity monitored during a large portion of the test period (i.e., ColiMinder 01 yielded consistently higher results than ColiMinder 02 by þ2 mMFU/100 ml, and BACTcontrol 01 yielded consistently higher results than BACTcontrol 02 by þ1.5 pmol/min/100 ml). The offset of ColiMinder exceeded their lower limit of detection (0.8 mMFU/100 ml), whereas the offset of BACTcontrol was within the lower limit of detection (1.5 pmol/min/100 ml).
Influence of environmental parameters on GLUC measurement consistency
As a first step, the normalized absolute differences of the readings, DS, of similar devices were compared with the GLUC readings (Fig. 3A) . The BACTcontrol devices generally yield higher differences in readings than ColiMinder; however, the average DS does not exceed 40% for either of the designs. A comparison of the DS values with sediment concentrations (TSS) (Fig. 3C) does not indicate a systematic increase in DS with higher TSS values. The concentration of suspended solids in stream water (up to 3200 mg/l TSS) clearly did not directly affect the consistency of the measurement results. This result also applies to the comparison of DS values with discharge (Fig. 3D ). There was no evidence that water temperature water temperature (0.2e20 C) had a negative effect on the consistency of the measurements (not shown here). In contrast, the comparison of DS values with air temperature (Fig. 3B) indicated significantly higher measurement deviations in the case of ColiMinder for air temperatures exceeding 25 C (Fig. 3B , grey shade). Due to these deviations, the substrate tempering within the instrument was improved by installing a thermoelectric cooling module (Peltier cooler), which eliminated this negative effect.
Comparison with culture-based analyses
On-site GLUC measurements and grab sample analyses with culture-based methods of E. coli measurements yielded a high consistency (Table 2 ). For the entire dataset (Table 2), ColiMinder In the test period (March 2014 to March 2015), E. coli concentrations in monthly base flow had a maximum in July 2014 (E. coli: 780 CFU/100 ml and 770 MPN/100 ml) and a minimum in March 2014 (E. coli: 2.6 CFU/100 ml and <1 MPN/100 ml). The GLUC data from all four instruments exhibited a similar pattern. The monthly mean of the GLUC signals increases tenfold from March 2014 to August 2014 (Fig. 4B) , which corresponds well with the microbiological standard assays.
Event dynamics
All devices were able to detect rapid fluctuations in enzymatic activity in stream water caused by changes in the hydrological conditions in the catchment (Fig. 4B, D) . All monitored runoff events caused an increase in the stream water GLUC activity. GLUC measurements from the two construction designs exhibited the same trends and dynamics regarding timing and amplitude (Fig. 4D) . Due to the different measuring intervals of the tested prototypes (ColiMinder: 1 h, BACTcontrol: 3 h), the ColiMinder measurements reflect rapid changes in GLUC activity in more detail (Fig. 4D) . Although the sediment concentration in the stream (Fig. 4A ) is strongly correlated with the intensity of rain events or changing run-off conditions (with a higher rain intensity typically resulting in a higher TSS concentration), events with peak values of GLUC activity are not necessarily associated with high-intensity precipitation or high TSS concentrations. This behaviour is illustrated in Fig. 4A and B, where the left grey bar shows a period of consistency between the TSS and GLUC peaks (Fig. 4AB) . The right grey bar shows a period of inconsistency. Table 2 also shows that E. coli concentrations in the monitored stream are more strongly correlated with hydrological parameters, such as discharge, TSS and EC, than with GLUC activity. In particular, the EC of stream water is strongly related to the E. coli concentration (R 2 ¼ 0.68) but not to GLUC activity (R 2 ¼ 0.08 and R 2 ¼ 0.12). Furthermore, comparisons with culture-based FIB analyses showed that the GLUC and E. coli responses during events are quite similar regarding the timing of the rising limb, although there were differences in terms of the amplitude and recession (Fig. 4D) .
Diurnal fluctuations
The diurnal fluctuations of enzymatic activity (Fig. 4C ) in stream water were recorded with the ColiMinder devices installed in March 2014. The daily variation ranged up to 4 mMFU/100 ml. After improving the sampling procedure of the BACTcontrol devices in July 2014, diurnal fluctuation were also captured with these devices within the range of 4 pmol/min/100 ml. During dry periods, all four devices recorded a maximum GLUC activity in the late afternoon, with decreasing activity during night hours, leading to minimum values in the early morning. This pattern has a different phase as the daily discharge fluctuations driven by riverine transpiration and is more closely related to diurnal water temperature (Fig. 4C) .
Discussion
General operation of the devices
All tested devices proved to be reliable under the diverse set of field conditions to which they were subjected. The tests showed that consistent and continuous on-site measurement data can be gathered for of up to 6 months without technical failure. Of particular concern was the role of high-suspended sediment loads. The devices provided valid measurement data even with TSS concentrations of up to 3 g/l. However, biweekly intervals for the manual cleaning of the instruments were necessary. This interval is considerably shorter than the monthly maintenance reported for applications involving groundwater (Ryzinska-Paier et al., 2014) . Damping of the signal because of fine filters was not detected. The rinsing water (de-ionized water) consumption of 85 ml (ColiMinder) and 100 ml (BACTcontrol) per measurement and the chosen temporal resolution of measurements necessitated a weekly refill. Clogging of hoses and valves due to debris deposition occasionally led to erroneous measurements and made it necessary to alternately disconnect the devices for servicing after 3 (ColiMinder) to 6 (BACTcontrol) months of continuous operation. The longer running time until dismounting of the BACTcontrol devices suggests that a 0.1 mm filter should be preferred over a 1 mm filter. Improvements regarding sample pre-filtration, cleaning fluid compounds and temperature control within the devices' outer casing were conducted following the results of this study. Efforts are still underway regarding the most appropriate cleaning and rinsing solutions and the overall optimization for the specific operating environment, particularly with respect to the prevention of biofilm formation and accumulation of particulates within the device. Such upcoming amendments might significantly enhance runtimes between required maintenance. Nevertheless, more research on the effects of pre-filtration upon GLUC activity measurements is needed.
All prototypes of both constructions were able to conduct comparable measurements, reflecting the dynamics of GLUC activity in stream water on various time scales (seasonal, event, diurnal) . Due to the lower signal deviation between the ColiMinder devices compared to BACTcontrol and to the shorter measurement intervals, ColiMinder devices might be preferable if one is interested in a high temporal resolution. The accessibility of the measurement chamber for manual cleaning by the operator is a significant benefit of the BACTcontrol construction.
Range of values
The observed GLUC activity varied during the test period from 0.8 mMFU/100 ml to 170 mMFU/100 ml (ColiMinder) and from 1.1 pmol/min/100 ml to 108 pmol/min/100 ml (BACTcontrol), ranging from the lower limit of detection to a value signifying faecal contamination. These results are consistent with an agricultural catchment subjected to periodic manure application on the crop fields. The GLUC magnitudes are also consistent with previous published studies, ranging between GLUC levels of nearly unpolluted groundwater (Ryzinska-Paier et al., 2014) and stream water influenced by municipal sewage (Farnleitner et al., 2002; GarciaArmisen et al., 2005; George et al., 2000; Ouattara et al., 2011) . The event monitoring showed that the GLUC peaks tend to be aligned with the first flush of event stream runoff. The discharge increase in the early phase of the event may occasionally produce a "wash-out" effect (data not shown). This phenomenon has also been reported in studies on the event-scale transport of faecalderived coliform bacteria, where analyses were based on culturebased assays (Krometis et al., 2007) . Regarding the diurnal fluctuations of the GLUC activity method and construction-based temperature, compensation problems can be eliminated from a technical perspective, as the diurnal fluctuations of enzymatic activity were recorded with BACTcontrol devices for the first time after the sampling procedure was improved but the measurement principle did not change. The reported temperature dependence of bacterial activity likely causes these dynamics in the stream.
Indicator applicability
For the implementation of automated GLUC measurements as a proxy parameter for culture-based E. coli analyses an association between these two parameters of R 2 > 0.9 is required (Stadler et al., 2010) . The results of this study show, that such requirements were not met and therefore the proxy capability of automated GLUC determination for culture-based E. coli could not be proven. Methods of enzymatic activity measurements are ideally capable of detecting the enzymatic activity from all metabolically active target bacteria, including the so-called viable but non-cultivable (VBNC) subpopulation, whereas culture-based methods are not (Cabral, 2010) . The association between E. coli and GLUC described in this study lies within the range of correlations reported in previous studies. Tight associations between faecal indicator bacteria and GLUC were reported in at least three studies (Farnleitner et al., 2001 (Farnleitner et al., , 2002 Fiksdal et al., 1994; George et al., 2001 ) that focused on catchments with influences from municipal sewage (human origin). However, the correlation between E. coli and GLUC for catchments under the influence of ruminant faecal sources tends to be poor (Ryzinska-Paier et al., 2014) . Although data from the aforementioned studies have not been compared statistically in this paper, the contrasting behaviour suggests that the differences in the association between E. coli and GLUC is strongly dependent on the habitat, runoff patterns in the catchment and faecal contamination source types and ages. A dominant source of fecal contamination of stream water in the HOAL is the application of swine manure. The coliform bacteria loads and GLUC activity in the stream likely vary seasonally with changing land management practices and runoff, resulting in an alternating influence of faecal contamination, with varying proportions of the VBNC subpopulation associated with different compartments in the catchment (e.g., soil water, the hyporheic zone or overland flow). One would assume that the highest correlations between E. coli and GLUC can be found in catchments under the influence of non-ruminant faecal pollution originating predominantly from one of these compartments. Such conditions have likely occurred in the HOAL through contaminated runoff during hydrological events, reflected by an R 2 of 0.80 (pvalue<0.001) between E. coli and GLUC for single events, such as that in February 2015. During this event, no precipitation occurred and air temperatures rose slightly above zero, which melted frozen soil water in the catchment and produced a significant discharge into the stream (Bl€ oschl et al., 2015) . A comparison of GLUC measurements with hydrologic parameters indicated that although GLUC activity in stream water is fairly poorly correlated with hydrological parameters, it is most closely aligned with TSS. E. coli concentrations determined by cultivationbased methods have a stronger correlation with hydrological parameters, particularly the electrical conductivity of stream water, which predominantly indicates the influence of event water in the stream. Although the number of observations from grab samples and that of on-site measurements differ, this suggests that the dynamics of E. coli in the HOAL catchment are mainly event-driven, whereas the variations of the GLUC signal in stream water are only linked to runoff events and particle transport to some extent. Catchment conditions, such as the hydrologic state or land management practices as well as the aforementioned source and age of faecal contamination, also play a significant role.
Cross-sensitivity and interference of GLUC activity with nonfaecal compounds, such as algae or organic matter, have also been reported (Biswal et al., 2003; Fiksdal and Tryland, 2008; Molina-Muñoz et al., 2007) and may play an additional role in the correlation of enzymatic methods with microbiological standard assays. Furthermore, Togo et al. (2010) reported both amplifying and inhibitory effects on GLUC activity due to the presence of different ions in water samples. Chang et al. (1989) described the abundance of faecal-derived E. coli not active with respect to beta-D-glucuronidase. Further research is required to assert the applicability of on-site enzymatic methods, such as a specific indicator for faecal-associated bacteria in different habitats, the role of nonfaecal-associated components and their actual influence on the GLUC signal measured on-site.
Outlook
Current investigations focus on the influence of hydrologic conditions (baseflow or event runoff conditions) on the relation between E. coli and GLUC activity. Further research is also required to quantify the GLUC activity of different compartments (soil water, the hyporheic zone and overland flow) contributing to the stream flow (Exner- Kittridge et al., 2013b) . Research in the HOAL catchment investigates the influence of land management procedures (e.g., manure application and plowing) on the dynamics of enzymatic activity in stream water and uses the GLUC time series in combination with hydrological methods to identify the pathways and transport processes of potential faecal pollution. Detailed monitoring and field experiments focusing on the diurnal fluctuations of GLUC activity in stream water are currently underway.
Conclusions
The results of this study suggest that the potential of real-time monitoring of beta-D-glucuronidase (GLUC) activity is enormous. The implementation of on-site GLUC measurements as a quantifying proxy parameter for culture-based E. coli analyses could not be proven in the observed habitat; nevertheless, this biochemical indicator, which may be available on-site and with high temporal resolution, is of great value for understanding catchment behaviour and contaminant transport processes in different habitats. The assessment of the instruments paves the way for a wider application of on-site and online measurements of physicochemical parameters. Automated on-site methods based on specific enzymatic activity monitoring will likely become a cornerstone of early warning systems that use oriented protection of water resources and process control.
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